This work reported the electrostriction of polyurethane (PU) with different aggregations of hard segments (HS) controlled by dissimilar solvents: N,N-dimethylformamide (DMF) and a mixture of dimethyl sulfoxide and acetone denoted as DMSOA. By using atomic force microscopy and differential scanning calorimetry, the PU/DMSOA was observed to have larger HS domains and smoother surface when compared to those of the PU/DMF. The increase of HS domain formation led to the increase of transition temperature, enthalpy of transition, and dielectric constant (0.1 Hz). For the applied electric field below 4 MV/m, the PU/DMSOA had higher electric-field-induced strain and it was opposite otherwise. Dielectric constant and Young's modulus for all the samples were measured. It was found that PU/DMF had less dielectric constant, leading to its lower electrostrictive coefficient at low frequency. At higher frequencies the electrostrictive coefficient was independent of the solvent type. Consequently, their figure of merit and power harvesting density were similar. However, the energy conversion was well exhibited for low frequency range and low electric field. The PU/DMSOA should, therefore, be promoted because of high vaporizing temperature of the DMSOA, good electrostriction for low frequency, and high induced strain for low applied electric field.
Introduction
Polyurethane (PU) is a versatile thermoplastic polymer, with a variety of physical and chemical electroactive properties. These properties allow PU to be used in numerous applications such as medical materials, sport goods, and coatings [1] [2] [3] . In the field of electroactive polymers, PUs are of great interest for actuation and energy conversion since they are capable of generating an electric-field-induced strain above 10% under an electric field 20 MV/m [4] and have an effective piezoelectric strain coefficient of 184 pC/N under a bias electric field of 25 MV/m comparable to that of a commercial piezoelectric PZT ceramic [5] . In addition, Guyomar and coworkers [6] [7] [8] [9] proposed an analytical modeling based on the electrostrictive equations in order to explain the energy harvesting of PU elastomers, PU composites, and an electrostrictive poly(vinylidene fluoride-trifluoroethylenechlorofluoroethylene) terpolymer. It was found that the energy harvesting ability of these polymers increases with increasing figure of merit (FoM) which is related to the dielectric constant and Young's modulus. Therefore, several authors [3, [10] [11] [12] have studied and have modified structures of PU in order to control the dielectric constant and Young's modulus. Guillot and Balizer [11] reported that the electrostrictive coefficient decreases as the phase separation of HS and soft segments (SS) increase. Furthermore, the HS/SS ratio affected the electrostrictive response because the high HS contents (high polarized groups) led to the high dielectric constant, and Young's modulus [3] . Petrović et al. [10] found that PU with 50% SS concentration, the dielectric constant, and Young's modulus depend on the degree of chemical crosslink of HS. In fact, as the HS in PU tends to form strong intermolecular hydrogen bonds, the HS will aggregate and perform as the physical cross-link in nature [13, 14] . Hence, the properties of PU can also be improved by controlling the HS aggregations through the physical cross-link.
In the present study, PU thick films with different HS aggregations controlled by different solvents were prepared. The energy conversion ability and electrostriction effect, including the dielectric constant, Young's modulus, and the electric-field-induced strain of the PUs, were comparatively investigated. The finding results were discussed relating mainly to HS aggregations which were identified by AFM images and DSC results.
Experimental

Materials and PU Thick Film Preparation.
The available PU granules (Estane 58888 NAT 021, Lubrizol Corp.) were used in this work. This PU consisted of 4,4 methylene-bis(phenyl isocyanate (MDI) and BDO as HS and poly(tetramethylene oxide) as SS. The HS content is about 46%. The two types of the prepared PU thick films were designated as PU/DMF, when the N,N-dimethylformamide (DMF, 99% purity, Sigma-Aldrich) solvent was used, and as PU/DMSOA, when the mixture of dimethyl sulfoxide (DMSO, 98% purity, VWR International, LLC) and acetone (99.9% purity, Fisher Scientific) was employed as a solvent. Acetone was added to the DMSO solvent in order to decrease the freezing point of DMSO, that is, 18 ∘ C. Also, during the room temperature PU process volatile organic compounds would be less when using DMSO solvent.
The PU thick films were prepared through a solution casting method. 20 wt.% of dried PU granules were swollen either in DMF or in DMSOA mixture at 85 ∘ C for 2 h depending on the type of the PU thick films. The swollen PU was then stirred and heated until the homogeneous and sufficient vicious PU solution was obtained. Afterwards, the obtained PU solution was coated on glass plates by using the Doctor Blade film applicator with reservoir (Elcometer, France) and cured in the oven at 60 ∘ C for one day. After being removed from the glass plates, the films of about 80 m were annealed for 3 h at 125 ∘ C under 100 mbar for the PU/DMSO films and under an atmosphere for PU/DMF films.
Characterization and Measurements Techniques
Atomic Force Microscopy (AFM).
The free surface morphologies of the obtained PU/DMF and PU/DMSOA samples were analyzed by AFM (Nanosurf Easyscan2, Switzerland). N-type silicon probes (ACLC, Applied NanoStructures Inc., USA) were used with a nominal spring constant of 20-95 N/m and with 225 m-long cantilevers at their fundamental resonance frequencies, which varied between 145 and 230 kHz. The reflex side was coated with aluminum. The tip radius of cantilever was less than 10 nm. The small rectangular-shaped PU samples (≈25 mm 2 ) were mounted on a sample stage with double-sized adhesive tape and conducted to AFM measurements at room temperature operating in a tapping mode. AFM images were used for clarifying the HS aggregation in the PU samples. The HS domains appear as bright areas and the SS domains appear as dark areas [15] [16] [17] .
Differential Scanning Calorimetry (DSC).
The DSC experiments of the PU samples were carried out with a DSC 131Evo (SETARAM, USA) under liquid N 2 atmosphere at scanning rate 10 ∘ C/min. All the samples were weighed approximately 22 mg contained in closed aluminum. Thermal behaviors were investigated by heating the samples from −100 up to 200 ∘ C and then cooling to room temperature (30 ∘ C). The midpoint of the heat capacity change was chosen to represent the glass transition temperature ( ), the melting temperature ( ) refers to the endothermic peak, and the recrystallization temperature ( ) can be observed from the exothermic peak. The heat of transitions (Δ ) can be calculated from endothermic or exothermic peak areas [16, 18] .
Dielectric Property Measurement.
To understand the dielectric constant ( ) of the PU samples under an alternating electric field in a range of 10 −1 -10 6 Hz at room temperature, circular-shaped PU specimens with a diameter of 25 mm were cut. Gold electrodes were sputtered on both sides of all the specimens with a diameter of 20 mm. The capacitance of each specimen was measured by the dielectric interface model 1296A (Solartron Analytical, UK). All tests were performed at an applied 1Vrms. By knowing the capacitance, thickness, and electrode areas of each specimen, the dielectric constant was derived.
Young's Modulus (Y) Measurement.
Prior to Young's modulus measurement, all PU samples had a rectangular shape (9 × 12 mm). The stress and strain of the PU samples were determined by using a uniaxial tensile setup as presented in the previous work [19] . One end of the sample was put onto a force sensor with a sensitivity of 250 N/12 V. The other end was clamped onto the ultraprecision linear motor moving stage (Newport corp., model XMS50, USA), which was moved in a cyclic manner. The elongation/retraction distance and the measured force of the samples were acquired on an oscilloscope (Agilent DSO7034A, France). The stress and strain of the samples were determined and as a consequence, Young's modulus of samples was derived from stress/strain ratio. This measurement was performed for small strain (2.5%) where Hooke's law was still valid.
Electric-Field-Induced Strain.
In all dielectric materials, electrostriction is generally defined as the quadratic coupling between the strain and polarization, or between the strain and electric field. The dielectric materials which are polarized by the electric field, the electric-field-induced strain, , can be expressed as [20] 
where is the charge-related electrostrictive coefficient (m 4 /C 2 ). is the polarization (C/m 2 ). is the electric field related to electrostrictive coefficient (m 2 /V 2 ), where is equal
A double-beam laser interferometer (Agilent technologies, Agilent 10889B, France) with a 10 nm precision was used in the experiment. The free surface sample was sandwiched between two electrodes (20 mm diameter) and the electric field was applied at low frequency (0.1 Hz) along the thickness direction, which was the so-called "3" direction.
The electric-field-induced strain was measured in the same direction and hence denoted as 3 . The electric field-related electrostrictive coefficient (designated as 33 ) was derived from a slope of fitting graph between 3 / 3 and 3 .
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Energy Conversion Ability.
This section aims to compare the power harvesting of the electrostrictive PU/DMF and PU/DMSOA. The power harvesting measurement was performed on a setup as shown in Figure 1 . The merit of this technique is that it is easy to apply the electric field condition to the sample compared to another technique [21] . The rectangular-shaped PU sample with gold electrodes (2 × 4 cm 2 ) was clamped at both ends. The upper clamped end was fixed. The other one was subjected to the loudspeaker excitation in sinusoidal form, which makes the PU sample undergo a transverse vibration (1 direction). The transverse displacement amplitude of mechanical vibration was detected by a laser displacement sensor (KEYENCE IA 030, Japan) with a precision of 1 m. When the electric field and mechanical vibration were simultaneously applied to the PU sample, the ac current ( ) was generated. An electrical circuit connection proposed by Cottinet and coworkers [9] was shown in Figure 2 . To increase the power transfer between the polymer and the electrical circuit, the values of components in the circuit were set under a condition that the current through to capacitor ( ) has to be much higher than the current through to biases resistor ( ). Therefore, was approximated to the current 0 . The constant load resistance ( ) was 500 kΩ and the dc bias blocking capacitor ( = 0.2 F) filtered the dc component, thus allowing through the load . The bias resistor ( ) provided the protection to the bias source when the polymer was shorted from break down and prevented the generated signal from leaking to the bias source. The ac power harvesting ( ac ) on the constant load resistance can be calculated through =
2
, where is denoted as a measured current. As previously reported [7] , for the power harvesting, the performance of this polymer depends on the FoM, which can be calculated from this relation:
where 31 is the electric field related to electrostrictive coefficient (m 2 /V 2 ). The subscript "31" refers to the coefficient associated with the electric field along the sample thickness (3 direction) and the strain in 1 direction. 0 is the permittivity of free space (8.854 × 10 −12 F/m). As previously reported [8] , the 31 value of the PU was proportional to
and the FoM depended on the . Consequently, a higher FoM value exhibits a better performance of the electrostrictive PU in transforming ambient mechanical energy into the electric energy.
Results and Discussion
AFM Images.
The surface topologies of the PU/DMF and PU/DMSOA samples were analyzed with AFM in the tapping mode. The two surface topologies of the samples are shown in Figure 3 . Theses topographic images suggest that the PU composed of HS domains arises from packing of HS, that is, HS aggregation. The HS aggregation was raised due to the fact that the HS (urethane groups) in the PU tend to form strong hydrogen bond between each other and act as the physical cross-links. An increase of the hydrogen bond formation results in an increase of HS ordering domains (HS domain organization) and microdomain separation [13, 14] . Considering Figures 3(a) and 3(c), it was found that the HS domains in the PU/DMSOA were larger than those in the PU/DMF. The HS domains in the PU/DMSOA (Figure 3(c) ) were nonuniform and varied from 2 to 8 m. Figure 3 (b) presents the enlargement of Figure 3 (a). It can be seen that HS domain boundaries of the PU/DMF are unclear, and HS domain is approximately 1 m. Therefore, it can be concluded that the HS aggregations in PU/DMSOA were higher than that in the PU/DMF sample. This was because the DMSO had effectively induced the HS aggregation during the thermal treatment process. It is possible that DMSO is able to form two hydrogen bonds and act as the cross-link agent, while DMF would be able to form only one hydrogen bond [22] . The root mean square (rms) surface roughness of the PU/DMF and PU/DMSOA estimated from Figures 3(a) and 3(c) was about 10 and 6 nm, respectively. Thus, the HS aggregations also affected a surface roughness of the samples. A great HS segment aggregations led to the smoother surface of the samples.
DSC Analysis.
Many authors suggest that the DSC experiment provides information on the thermodynamic behavior of PU associated with microdomain purity or microdomain separation degree, that is, the existence of HS in Advances in Materials Science and Engineering 5 SS [16, [23] [24] [25] [26] . First of all, in order to understand thermal transition of PU, we must consider that the chemical structure and composition of the obtained PU films in this work are similar because only one type of the PU was used. Therefore, the HS aggregations depend on the synthesis conditions and thermal treatment history of the samples and thermal transition of the samples can be only ascribed to the presence of the physical cross-links. DSC thermograms of the PU/DMF and PU/DMSOA samples used to obtain the AFM images are shown in Figure 3 . A summary of the thermal transitions is listed in Table 1 . As a previous investigation [23] mentioned the glass transition temperature ( ) values expose the relative purity of the soft domain. of PU is raised when HS are dissolved in the SS domain and leads to a decreasing in degree of phase separation, that is, the increase of the partial phase mixing. In the thermogram, Figure 4 , PU/DMF and PU/DMSOA show the value of 1 at approximately −50 ∘ C, referred to as glass transition of SS domain. Regarding the case of PU/DMSOA, the unlikely 2 (−25.4 ∘ C) can be observed. This probably corresponds to the formation of heterogeneous mixed phases arising from nonuniform HS aggregations dissolving in the soft domain as presented in Figure 3(c) . Figure 4 also shows the endothermic peaks near 67 ∘ C for both samples. This endotherm is related to some relaxation effects of the polymer chains in the HS domain [25, 26] . Next, multiple endothermic peaks appearing in an interval of 130 ∘ C to 180 ∘ C confirmed the nonuniform HS domain size in the PU samples. There are 3 different mechanisms involved: first, a melt temperature of short range ordering HS domain denoted as 1 , second, a process of either segregation of long range ordering HS domain or a transition temperature related to the separation of HS and SS (designated as MMT ), and finally, the melt temperature of long range ordering HS domain ( 2 ). Regarding the 1 . MMT and 2 values in Table 1 , it can be attributed to the fact that each sample still has the different ordering HS domain, that is, different HS aggregations. The higher values of the MMT and 2 indicated that the HS aggregations in the PU/DMSOA were greater. Furthermore, the Δ value of PU/DMSOA are higher than those of PU/DMF due to the larger HS aggregation in the HS domain. Similarly, the higher and the enthalpy of recrystallization (Δ ) for exothermic behavior of the PU/DMSOA sample in Figure 5 also suggested that this sample had the larger crystallization arising from the higher HS aggregations. Therefore, the DSC results help to confirm the existence of the HS aggregations.
Dielectric Constant.
According to previous reports [11, 12] , PU consists of the rubbery SS and polar HS. The HS tend to aggregate together and control the dielectric property of PU. Therefore, if the HS domains are large, the higher dielectric value can be observed. Figure 6 shows the dielectric constant of PU/DMF and PU/DMSOA. Considering a frequency range lower than 4 Hz, the dielectric constant increases with decreasing frequency. PU/DMSOA exhibits higher dielectric constant than that of PU/DMF owing to its larger HS domains. This leads to its greater polarization. For the other range of frequency, the dielectric constant of both PU/DMF and PU/DMSOA became similar values and decreased with raising the frequency. Figure 7(a) shows the electric-field-induced strain versus the applied electric field. When the applied electric field was less than 4 MV/m, the electric-field-induced strain was a quadratic curve. The PU/DMSOA had higher electric-field-induced strain than PU/DMF due to its electrostriction effect. After the quadratic curve, plateau saturation strain was observed. PU/DMF had higher plateau saturation strain than PU/DMSOA due to its saturation of dipole moment in heterogeneous PU matrix and HS domain mobility. For further explanations, as previously reported [4] , the dielectric constant reached its saturation and the increase of the compressive stress versus electrical field led to an increase of the polymer rigidity and consequently to an increase of Young's modulus. In addition, under the increase of compressive stress, mobility of HS domains decreased with raising its size. Therefore, the combination of these effects caused the lower plateau saturation strain in PU/DMSOA.
Electric-Field-Induced Strain.
Within the quadratic curve, although the dielectric constant increases with increasing the electric field, the increase of this was inferior for the low electric field and the electrostriction effect became dominant. Thus, linear character between 3 / 3 and 3 can be observed as shown in Figure 7 (b). An increase in the slope refers to the increase of 33 coefficient. The larger 33 can be obtained from PU/DMSOA thanks to its higher dielectric constant. for PU/DMF and PU/DMSOA at frequency of 20 Hz. It can be observed that there is no significant difference in the dielectric constant and Young's modulus for both samples. This, as a result, leads to the similarity in the values of the 31 coefficients and FoM of the PU/DMF and PU/DMSOA. Figure 8 shows that the power harvesting density ( ℎ ) exhibits a quadratic dependence with the strain of all the samples. With measurement error up to 5% taken into account, the differences in HS aggregations caused by different solvents did not distinguishably affect the power harvesting density of the PUs.
Energy Conversion Ability.
Conclusions
The studied electrostrictive PUs dissolved in DMSOA and DMF showed the difference in HS aggregations. Larger HS domains caused by the HS aggregations and smoother surface were observed for the PU/DMSOA. This indicates that DMSOA solvent effectively induced the HS formation. The increase of HS domain formation led to the increase of transition temperature, enthalpy of transition, and dielectric constant observed at low frequency (0.1 Hz). Consequently, the electric-field-induced strain was raised in a range of low electric field. At higher frequency, the PUs did not show significant difference in the dielectric constant, Young's modulus, and FoM values. The differences in HS aggregations, thus, did not affect the power harvesting ability.
